T he cell surface receptor for advanced glycation end products (RAGEs) is a multiligand member of the immunoglobulin superfamily of molecules and has been reported to play crucial roles in atherogenesis. 1 Engagement of RAGEs in endothelial cells leads to the increase in the expression of inflammatory mediators such as monocyte chemoattractant protein (MCP)-1 or vascular cell adhesion molecule (VCAM)-1. [2] [3] [4] [5] Because tumor necrosis factor (TNF)-␣ is expressed and upregulates RAGE expression in atherosclerotic lesions, 6, 7 the TNF␣-RAGE interaction might be involved in the mechanisms of the inflammatory process of atherogenesis.
On the other hand, an angiotensin II type-1 receptor blocker (ARB), widely used as an antihypertensive drug, has been reported to have also antiatherosclerotic such as attenuating neointimal formation, decreasing vascular smooth muscle cell (VSMC) proliferation and diminishing vascular inflammation. 8 Considering these results, we hypothesized that an ARB has antiatherosclerotic effects via inhibiting TNF␣-RAGE interaction, thus leading to the decrease in the inflammatory process of atherosclerosis. We tested this hypothesis using human endothelial cells.
Materials and Methods

Cell Culture
Human umbilical vein endothelial cells (HUVECs) were purchased from Biochrom and cultured at 37°C, under a humidified atmosphere containing 5% CO 2 in EBM-2 medium (Clonetics) supplemented with EGM-2 Single Quotes containing 10% FBS, human fibroblast growth factor-1, vascular endothelial growth factor, ascorbic acid, heparin, and human epidermal growth factor and GA-1000. These cells were used at passages 2 to 10 for all experiments.
Western Blot Analysis
Standard Western blot analysis on total cell lysates was performed using mouse anti-RAGE, VCAM-1, IkB␣ antibodies (Santa Cruz). Candesartan and olmesartan were gifts from Takeda Pharm Co Ltd (Osaka, Japan) and Sankyo Co Ltd (Tokyo, Japan), respectively. To ensure equal loading of intact protein, membranes were stripped and restained with antibodies against actin. Densitometric analysis was performed using Scanning Imager (Molecular Dynamics).
Quantitative Real-Time Polymerase Chain Reaction
Total RNA from HUVECs was extracted using RNA-Bee-RNA Isolation Reagent (Tel-Test). Then 1000 ng of total RNA was reverse transcribed and amplified using an Omniscript RT Kit (Qiagen) according to the protocol of the manufacturer. Oligonucleotide primers and TaqMan probes for human RAGE (assay no. Hs00153957_m1), VCAM-1 (Hs00174239_m1), and GAPDH were designed and purchased from Applied Biosystems. Quantitative real-time PCR was performed with an ABI PRISM7700 Sequence Detection System (Applied Biosystems) by the relative standard curve method.
Chromatin Immunoprecipitation Assay
Either TNF␣ (10 ng/mL) or vehicle was exposed to HUVECs with and without either candesartan (1 nmol/L) or olmesartan (10 nmol/L) for 2 hours. ChIP assays were performed with a chromatin immunoprecipitation (ChIP) assay kit (Upstate Biotechnology) according to the protocol of the manufacturer with some modifications. The primers for the nuclear factor (NF)-B-binding site in the RAGE gene promoter were: forward primer, 5Ј-GGAGGAGGTTGCAAAAAGCCAGAT-3Ј; reverse primer, 5Ј-CATCACACTTCCAACCTGTCCCCA-3Ј.
NF-B p65 Transcription Factor Assay
The activation of NF-B binding to the nucleus of HUVECs treated with and without TNF␣ (10 ng/mL) in the absence or presence of either candesartan (1 nmol/L) or olmesartan (10 nmol/L) was determined using the nonradioactive NF-B p65 transcription factor assay kit (Chemicon International Inc) according to the instructions provided. Nuclear protein extracts were also prepared according to the protocol of the manufacture.
Gene Silencing via RNA Interference
HUVECs were seeded into P6 dishes coated with human fibronectin (Biocoat, BD-Falcon) and grown until Ϸ70% to 80% confluence, followed by transfection with 30 pmol of the negative control sequence or RAGE-specific small interference RNA (siRNA) duplex using Lipofectamine 2000 (Invitrogen) according to the instructions of the manufacturer. The following siRNA oligonucleotides for this study were purchased from Dharmacon: human RAGE [1] siRNA (sense, 5Ј-GCC AGA AGG UGG AGC AGU A-3Ј; antisense, 5Ј-UAC UGC UCC ACC UUC UGG C-3Ј); siRNA human RAGE [2] (sense, 5Ј-CCU CAA AUC CAC UGG AUG A-3Ј; antisense, 5Ј-UCA UCC AGU GGA UUU GAG G-3Ј). As a negative control, cells were transfected with siControl Non-Targeting siRNA No. 1 (Dharmacon). At 24 hours after transfection quantitative real-time polymerase chain reaction (PCR), 48 hours after transfection Western blot analysis were performed.
Statistical Analysis
Results of the experimental studies are reported as the meansϮSE. Differences were analyzed by ANOVA followed by the appropriate post hoc test. A probability value of Ͻ0.05 was regarded as significant.
Results
ARB Reduces the Expression of RAGE Protein and mRNA in Human Endothelial Cells
Because TNF␣ is known to increase endothelial RAGE protein expression, we first examined the effect of candesartan on TNF␣-induced RAGE protein expression by Western blot analysis. Stimulation of HUVECs with TNF␣ (25 ng/mL) for 24 hours led to a 2.9Ϯ0.5-fold increase in cell surface RAGE protein expression compared with control (PϽ0.05, nϭ4), and, furthermore, concomitant treatment with candesartan significantly reduced the expression of TNF␣-induced RAGE protein in a concentration-dependent manner with a maximal reduction at 1 nmol/L candesartan ( Figure 1A ). To confirm that this effect is not specific for candesartan alone, we checked the effects of other ARB, Figure 1B) . Furthermore, to examine the decrease in endothelial RAGE protein expression by candesartan resulting from reduced mRNA expression, we investigated the RAGE mRNA levels by the quantitative real-time PCR. Treatment with candesartan significantly reduced the TNF␣-induced RAGE mRNA expression ( Figure 1C ).
ARBs Inhibit the Binding of NF-B to the RAGE Promoter
TNF␣-induced endothelial RAGE expression is regulated by activation of the NF-B-binding site (nucleotide number Ϫ686 to Ϫ678) in the RAGE promoter. 6, 9 To examine whether ARBs may interact with this pathway, we performed ChIP assays to detect the binding of NF-B to the RAGE gene promoter. As shown in Figure 1D , both candesartan (1 nmol/L) and olmesartan (10 nmol/L) inhibited the TNF␣-induced binding of NF-B to the RAGE promoter.
ARBs Reduced the Activation of NF-B in Human Endothelial Cells
Either candesartan (1 nmol/L) or olmesartan(10 nmol/L) reduced the TNF␣-induced activation of NF-B detected by not only the degradation of IB but also the transcriptional factor assay (Figure 2A and 2B).
ARB-Mediated Reduction of Endothelial RAGE Expression Decreases Proinflammatory Effects in Human Endothelial Cells
In human endothelial cells, activation of RAGE has previously been shown to upregulate the expression of proinflammatory mediators such as MCP-1 and VCAM-1. 
Gene Silencing of RAGE via RNA Interference
Adversely, to confirm the involvement of RAGE in the TNF␣-mediated VCAM-1 expression, we performed gene silencing of RAGE via RNA interference. We checked the Figure 3A ). In the transfected cells with siRNA against RAGE using siRAGE [1] and [2] , the expression of TNF␣-induced VCAM-1 protein were decreased compared with that of the nontransfected cells ( Figure 3B ). Furthermore, in the transfected human endothelial cells with siRAGE [1] and [2] , TNF␣-induced VCAM-1 mRNA expressions were also significantly decreased compared with the nontransfected cells ( Figure 3C ). These data suggest that RAGE is involved in the TNF␣-induced VCAM-1 expression in both mRNA and protein levels.
Discussion
We showed here that angiotensin II receptors blockers (ARBs), such as candesartan or olmesartan, suppressed TNF␣-induced RAGE protein and mRNA expressions at least partially through the inhibition of the binding of NF-B to the RAGE gene promoter in human endothelial cells with subsequently reduced the expression of inflammatory mediators such as VCAM-1. Furthermore, we clearly showed that RAGE were involved in the process of TNF␣-induced VCAM-1 mRNA and protein expression using RNA interference technique. These results may propose the novel mechanisms that ARBs exert the antiatherosclerotic effects.
RAGE Are Involved in TNF␣-Induced Inflammatory Process of Atherogenesis
In the atheromatous plaque, TNF␣ is released from inflammatory cells. 10 TNF␣ activates NF-B sites in the RAGE promoter to induce endothelial RAGE expression. 6 Stimulation of RAGE activates a key signal transduction and is believed to lead to a vicious circle that enhances atherosclerosis. Interestingly, blockade of RAGE with the soluble extracellular domain of RAGE completely suppressed atherosclerosis in diabetic mice. 11 Furthermore, blockade of RAGE in the established atherosclerotic plaques suppressed the further progression of atherosclerotic lesion area. 12 Taken together, in this study we focused on the TNF␣-RAGE interaction in the vicious circles in the atherogenesis and we showed here that TNF␣ increased the RAGE expression in protein and mRNA levels in human endothelial cells, along with the activation of NF-B and the increase in VCAM-1 protein and mRNA expression. Furthermore, we demonstrated that gene silencing of RAGE via RNA interference decreased the expression of VCAM-1 protein and mRNA induced by TNF␣. These results suggested that TNF␣-RAGE interaction was involved in the inflammatory process of atherogenesis.
ARBs Reduce the TNF␣-Induced RAGE Protein and mRNA Expression
An ARB was reported to reduce RAGE expression in the kidney of diabetic KK/Ta mice. 13 However, to our knowledge, this is the first report that ARBs inhibit TNF␣-induced RAGE expression in human endothelial cells, supporting that ARBs have antiatherogenic effects. TNF␣-induced endothelial RAGE expression is regulated by the activation of the NF-B site in the RAGE promoter. 6 In this study, we showed that both candesartan and olmesartan inhibited the binding of NF-B to the RAGE gene promoter from ChIP assay. These results suggested that ARBs generally reduced TNF␣-induced RAGE protein and mRNA expression via the inhibition of the binding of NF-B to the RAGE gene promoter. Thus, we propose the novel mechanisms that ARBs have been demonstrated to attenuate the degree of atherosclerosis and suggest that the reduction of RAGE expression by ARBs might represent a novel strategy to limit RAGE-mediated inflammatory processes in the vessel wall.
Clinical Implications
Our findings might have important pathophysiological and clinical implications for the high-risk patients with atherosclerosis, because these patients have enhanced RAGE expression in the vasculature and TNF␣-RAGE interaction leads to the expression of proatherogenic mediators, such as MCP-1 or VCAM-1. Although further investigation is needed to clarify the precise mechanisms by which ARB inhibit RAGE expression, we believe that this study will throw light on the treatment of the patients with atherosclerosis.
